Gene expression microarray analyses of mixtures of cells approximate a weighted average of the gene expression profiles (GEPs) of each cell type according to its relative abundance in the overall cell sample being analyzed. If the targeted subpopulation of cells is in the minority, or the expected perturbations are marginal, then such changes will be masked by the GEP of the normal/unaffected cells. We show that the GEP of a minor cell subpopulation is often lost when that cell subpopulation is of a frequency less than 30 percent. The GEP is almost always masked by the other cell subpopulations when that frequency drops to 10 percent or less. On the basis of these results one should always assume that the GEP of a given cell subpopulation is probably seriously affected by the presence of significant numbers of other "contaminating" cell types. Several methodologies can be employed to enrich the target cells submitted for microarray analyses. These include magnetic sorting and laser capture microdissection. If a cell subpopulation of interest is small, very high-throughput cell separation technologies are needed to separate enough cells for conventional microarrays. However, high-throughput flow cytometry/cell sorting overcomes many restrictions of experimental enrichment conditions. This technology can also be used to sort smaller numbers of cells of specific cell subpopulations and subsequently amplify their mRNAs before microarray analyses. When purification techniques are applied to unfixed samples, the potential for changes in gene levels during the process of collection is an additional concern. Since RNA rapidly degrades, and specific mRNAs turn over in minutes or hours, the cell separation process must be very rapid. Hence, high-throughput cell separation (HTS) technologies are needed that can process the necessary number of cells expeditiously in order to avoid such uncontrolled changes in the target cells GEP. In cases where even the use of HTS yields only a small number of cells, the mRNAs (after reverse transcription to cDNA's ) must be amplified to yield enough material for conventional microarray analyses. However, the problem of using "microamplification" PCR methods to expand the amount of cDNAs (from mRNAs) is that it is very difficult to amplify equally all of the mRNAs. Unequal amplification leads to a distorted gene expression profile on the microarray. Linear amplifications is difficult to achieve. Unfortunately, present-day gene-chips need to be about 100 times more sensitive than they are now to be able to do many biologically and biomedically meaningful experiments and clinical tests.
INTRODUCTION
The importance of HTS technologies for purifying cell subpopulations prior to genomics/proteomics analysis is just beginning to be understood. It is not only obvious, but also in fact substantiated by experimental evidence, that a gene expression profile (GEP) derived from microarrays, 2D gels or mass spectrometry is the weighted average of all of the different cell subpopulations present according to their relative frequencies. But this concept is not as simple as it seems. Cells in mixtures communicate with one another and modulate each other's gene or protein expression. Thus while cell subpopulations need to be isolated prior to genomic/proteomics analyses, this must be done under conditions that preserve that "snapshot" in time. When cell subpopulations are removed from a mixture they no longer receive the modulation reflects of other cell types. And the gene expression profile of a given cell subpopulations is changing with time. Thus the problem becomes one of how to isolate cells quickly under conditions that slow down the "drift" of the genomic/proteomics pattern so that it can be measured faster than it can change. Any scientific measuring process that is slower than the rate of change of the object being measured obviously has serious problems. While we do not have all of the answers to these problems, we have been trying a number of approaches, some of which appear to hold some promise.
METHODS

Different cell separation approaches
There are at least three general hi gh-throughput cell separation methods that we have used with some success. First, gradients or cell subpopulation lysis methods whereby some cell subpopulations are either physically removed by buoyant density (e.g .ficoll-hypaque density gradient separation of mononuclear cell subpopulations) or by elimination by hypotonic lysis (e.g. removal of red blood cells from whole blood by transient hypotonic lysis). Second, rapid separation of cell subpopulations labeled by immunomagnetic beads in a high-density magnetic field. Third, the separation of fluorescently or immunofluorescently-labeled cell subpopulations by high-speed flow cytometry/cell sorting.
Gradients and cell lysis
Many density gradient separation media are available commercially, of which Ficoll-Paque (Amersham Pharmacia Biotech, Piscataway, NJ) is the most widely used. The low viscosity of Ficoll allows mononuclear cell (PBMC) isolation from whole blood by low speed centrifugation. The physical properties (density, viscosity, and osmotic pr essure) of Ficoll-Paque are formulated to deplete the majority of granulocytes and red blood cells while retaining a purified fraction of PBMCs. The procedure is quite simple: the anticoagulant-treated blood is carefully layered on Ficoll Paque, then centrifuged at low speed (400-1000g) for 30-40minutes. The interphase fraction between the plasma and the Ficoll-Paque is collected and washed at least twice with balanced salt solution to remove platelets that co-sediment with PBMCs by this method. The whole protocol takes approximately 1 hour, and recovers very reliably about 50-60% of the PBMCs at about 95% purity with low levels of contamination by red blood cells and granulocytes (1-5% each).
We slightly modified the factory recommended protocol to optimize it for preserving the cells and their GEP in the original state. Immediately after the collection of blood samples in BD Vacutainer tubes containing anticoagulant ( BD Clinical Laboratory Solutions, Franklin Lakes, NJ) we added equal volume of RPMI-1640 medium (Sigma, St. Louis, MO) to them. We found that the recovered cells were in much better condition this way even when they were processed 6 hours after blood collection. In addition the recovery rate had been increased, resulting in higher yields of better quality PBMCs. We also maintained 4 o C throughout the procedures to slow down the natural changes in the GEPs as the cells adjust to the changing environment (shearing and compressing forces of centrifugation and resuspension, lack of growth factors and other mediators, lack of nutrients, changes in O 2 , CO 2 and ion concentrations, etc.)
The density gradient separation methods have several advantages. They allow fairly rapid and sterile processing of both small and large volumes of blood. They are relatively simple to use and usually the results are very reliable. The purity of the isolated PBMCs is sufficient for many applications. The 50-60% recovery rate is usually acceptable for most applications if the sample volume is not very limited, or the investigated blood cell subpopulation is not too rare. However, for subsequent microarray analysis, one needs to consider that PBMCs are a heterogeneous cell mixture of different types of mature and immature lymphocytes, stem-progenitor cell subpopulations and monocytes. These different cell types have different GEPs and react differently to the experimental conditions. As we showed earlier, purification of homogenous cell subpopulations prior to microarray analysis is absolutely necessary in order to accurately determine GEPs and accurately monitor GEP-changes as a cellular response to experimental conditions. In this aspect density gradient separation methods can be considered a preliminary enrichment step for further purification methods.
Immunomagnetic bead separation
Several manufacturers provide magnetic beads already bound with any of a variety of specific antibodies. These magnetic beads are small particles of uniform size, usually less than 5 microns in diameter. They consist of a core material that is attractable by a magnet but remains non-magnetic while outside of a magnetic field. These characteristics provide a convenient mechanism to selectively enrich for, or deplete a particular cell type within a heterogeneous suspension. The desir ed cells can be captured with the beads by positive selection, or alternatively, undesired cells can be labeled and depleted from the cell suspension by negative selection.
In a typical protocol a heterogeneous cell suspension is exposed to magnetic beads bearing monoclonal antibody specific for one type of cell. The antibody binds, then the suspension is pipetted through a column surrounded by a magnet, keeping the bound cells within the column. Other cells freely pass through the column. Finally, removal of the column from the magnet allows the desired cells to be eluted separately. In our experiments we used MACS beads (Miltenyi Biotec, Auburn, CA) that are around 50 nanometers in diameter. Other systems, like Dynabeads (Dynal, Lake Success, NY) use much larger beads (450 or 500 nm) and do not use columns, they directly attract the labeled cells to the wall of the tube they were incubated in.
Immunomagnetic bead separation methods typically provide 90-95% purity, 70-90% recovery, and the protocol takes about 1-2 hours. They are able to reliably process live cells in sterile conditions at 4 o C. Additional rounds of magnetic separation can increase the purity to 95-99% at the cost of decreased recovery rates and longer processing time. Many systems allow detachment of the beads from the cells after separation, and the isolated cells can be cultured, or further processed either by a second round of immunomagnetic bead separation using a different cell marker, or by other techniques .
Usually clinical samples, like blood are heterogeneous cell mixtures and homogenous subpopulations for subsequent microarray analysis cannot always be isolated from them using a single cell surface marker. Many subpopulations express a characteristic pattern of surface molecules; isolation of these cells requires co-selection for two, three, or more surface markers. With positive selection using immunomagnetic beads, this can only be achieved by subsequent rounds of selection and bead detachment, but the resulting increased processing time and decreased recovery rate may prove to be unacceptable for microarray analysis. Negative selection, even when well-designed antibody cocktails are used, usually will not result in a homogenous cell population, and the purity of negatively selected cell samples is typically lower than with positive selection. We found these problems especially significant, when we were trying to isolate rare cell subpopulations where the recovery rate and purity are much lower (about 50% and 70-80% respectively) even after one round of purification. One further restriction with immunomagnetic bead separation methods is that they only allow surface labeling. Gently fixed and permeabilized cells may allow intracellular antibody labeling without substantial loss of cellular RNA, but the beads are too big to diffuse into these cells. For these reasons, immunomagnetic bead separation methods can only be used alone, prior to microarray analysis, when the investigated cell type is a major cell subpopulation of a large sample, and it can be identified with one or two surface markers. When the sample is limited, or the purified cell type is in minority, or it can only be identified using several markers, immunomagnetic bead separation could be used as a substantial enrichment step before the final purification by flow cytometry or laser zapping.
High Speed flow cytometry/cell sorting
Conventional flow cytometry/cell sorting is relatively slow (1000-5000 cells/sec), and particularly so if high sort purity is desired. Indeed, there is a relationship between sort speed, yield and purity, as we have described previously (Leary, 1994; Leary et al., 1996; 1997; 1998; 1999) ; Hokanson et al., 1999; , that shows a diminishing "rate of returns" on sorting speeds above about 50,000 cells/sec unless the sorting is done in two-steps, i.e. a high-speed enrichment step followed by a slower speed high purity sort. Such a two-step sort can, in principle, reduce the amount of sort time by almost 10-fold to obtain the same number and purity of cells. Indeed, if the cell subpopulation of interest is less than about 1 percent, it is the preferred method in terms of overall efficiency.
Figure 1:
Cell sorters are more efficient at high-throughput rates for sorting rare cells when operated in "enrichment mode" whereby conventional anti-coincidence circuitry is turned off or operated in a more sophisticated mode. Enriched populations of sorted cells can then be re-sorted to virtually 100% purity. Use of two-step enrichment sorting can reduce sorting time by as much as a factor of 10. In the case shown, a high-speed enrichment sort produces a 30,000-fold enrichment from an original frequency of 10-5 to a sorted first-pass frequency of 33.3%. Since sorting introduces a dilution of approximately 50-fold with sheath fluid, the cell concentration is already at the right concentration for ultra-pure secondstage cell sorting.
Careful sorting can result in yields of greater than 90 percent and purities greater than 99 percent, purity obviously depending on how good the marker probes are. On the other hand sorting in most labs rarely exceeds about 70 percent yield, mainly due to the losses incurred in so-called "two-way" sorting whereby the desired cells are sorted left or right and the undesired cells are undiverted straight ahead to waste. Our group has shown that reversing the sort logic, deflecting undesired cells and sorting desired cells straight-ahead, results in much higher yields, usually greater than 90 percent and often greater than 95 percent. We developed the methods for high-precision single-cell sorting and then found that the technique worked well for sorting in general. The reason for the drop in yield is two -fold. First, the charged droplets tend to induce charge on container vessels that can cause a build-up of charge that actually electrostatically deflects sorted droplets away from the sort container. That effect can be mitigated by grounding the top of the sort container. Second, and more importantly for most applications, it is difficult to maintain a tight deflected stream of droplets at high speeds because the presence of cells near the neck of the last attached droplet, changes slightly the electrical resistance of the sheath stream and causes a variable amount of charge to be put on the last attached droplet. Variable charge leads to so-called "fanning" of the sorted stream and makes recovery of sorted cells problematical and results in lower sort yields.
Causes of change of the mRNA levels
There are two different types of mRNA changes that one needs to worry about. First, "unnatural" degradation of the RNA needs to be prevented by treating all interacting surfaces with agents that degrade RNases. The rate of unnatural degradation of mRNAs can also be slowed by lowering the temperature of the cells to temperatures approaching 4 o C. Second, "natural" turnover of mRNA (messenger RNA used to construct proteins) can be slowed also by keeping the cells at temperatures approaching 4 o C. It should be remembered that in the absence of a process to select for mRNA, the total RNA will contain mostly rRNA (ribosomal RNA). Nature designed RNA, an intermediate in the process of making proteins, to be used and degraded rapidly. As soon as the cells are separated they can be spun down, washed and put into agents that preserve the RNA (e.g. RNA later, Ambion, Inc.). It is usually wise to process the cell in small enough aliquots that the time of cell processing be kept short (e.g. less than 30 minutes per aliquot).
RESULTS and DISCUSSION
Comparison of the advantages and disadvantages of different cell separation approaches for GEP analysis
There are advantages and disadvantages to each cell separation approach. Their utility and appl icability to a particular situation depends on their effects on the GEP of those separated cells. As is usual, sorted cell yield and purity come at a price that must be deemed adequate or inadequate for the given situation. Some of these tradeoffs are disc ussed in the following subsections.
Gradients and cell lysis:
While the throughput rate is very high for density gradients (e.g. ficoll-hypaque used to separate lymphocytes from granulocytes and red blood cells), high purity is difficult to achieve. For example, ficoll-hypaque gradient separation of lymphocytes yields an approximate purity of 80-85 percent lymphocytes with about 10-15 percent monocytes and a few percent granulocytes. The effect of ficoll-hypaque on the GEP of cells has not yet been explored in detail, but clearly these gradients affect the state of the cells.
Unfortunately the gene expression profiles of the many different subsets of lymphocytes also vary so depending on the application, this may or may not prove useful for purifying cells for subsequent GEP analysis. Hypotonic lysis of red blood cells is a common method of removing a vast excess of red blood cells from either whole blood or a tissue. However, this hypotonic lysis must be done very carefully. Otherwise, the desired cells of interest will be hypotonically shocked and damaged, clearly affecting the GEP of the surviving cells.
Magnetic bead sorting
Magnetic bead sorting whereby a cell is labeled with marker probes attached to paramagnetic beads (e.g. Miltenyi, Inc . or Dynal, Inc.) provides a very high throughput (e.g. 10 8 -10 10 cells/hour) and relatively high purity (e.g. 80-90 percent, depending on how good the marker is for a given cell subpopulation of interest) per pass. In a double-pass magnetic sorting using a Miltenyi mini-MACS system, we have obtained purities of CD34+ hematopoietic stem/progenitor cells exceeding 95 percent purity (Qiu, 1998) (Figure 2 
):
In general the beads do not need to be removed from the cells prior to RNA extraction. These sorting systems are especially good for separating biohazardous cells (e.g. HIV or hepatitis-infected cells) because the whole process can be carried out in an appropriate (e.g. BSL-2 or BSL-3) biohazard containment hood. If a single marker is sufficient to either positively select cells of interest or reject all cells not-of-interest, this method of cell sorting works well for GEP as shown by the following GEP (Figure 3 ) and as described in more detail previously ):
High-Speed flow cytometry/cell sorting
Careful flow cytometry/cell sorting can result in yields of greater than 90 percent and purities greater than 99 percent, purity obviously depending on how good the marker probes are. On the other hand sorting in most labs rarely exceeds about 70 percent yield, mainly due to the losses incurred in so-called "two-way" sorting whereby the desired cells are sorted left or right and the undesired cells are undiverted straight ahead to waste. Our group has shown that reversing the sort logic, deflecting undesired cells and sorting desired cells straight-ahead, results in much higher yields, usually greater than 90 percent and often greater than 95 percent. We developed the methods for high-precision single-cell sorting and then found that the technique worked well for sorting in general. The reason for the drop in yield is two -fold. First, the charged droplets tend to induce charge on container vessels that can cause a build-up of charge that actually electrostatically deflects sorted droplets away from the sort container. That effect can be mitigated by grounding the top of the sort container. Second, and more importantly for most applications, it is difficult to maintain a tight deflected stream of droplets at high speeds becaus e the presence of cells near the Figure 4 : Using a high -speed, twostep classification flow cytometer/cell sorter makes the arduous task of sorting at least 100,000 rare cells (e.g. < 1%) feasible. Otherwise, conventional sorting speeds cannot provide enough cells for conventional microarray analysis which wants approximately two million copies of mRNA from each gene. neck of the last attached droplet, changes slightly the electrical resistance of the sheath stream and causes a variable amount of charge to be put on the last attached droplet. Variable charge leads to so-called "fanning" of the sorted stream and makes recovery of sorted cells problematical and results in lower sort yields. An example of some of the features needed in a highspeed flow cytometer/cell sorter for GEP analysis are shown schematically in Figure 4 :
B A
The engineering details behind this simple figure are far more complex as shown in Figure 5 and described previously in a number of papers and patents (Leary, 1994; Leary et al., 1995; 1997; 1998; 1999 Figure 5: Schematic of a home-built, high-speed, twostep flow cytometer/cell sorter as implemented in our laboratory. The first stage processes incoming cells with a deadtime less than 2 microseconds. All cells are counted so that the presence of neighboring cells (and sort purity) is known. Signals from cells "of interest" or "notsures" are sent to a second stage where they are digitized and subjected to a secondstage processing unit capable of applying sophisticated multivariate statistical analyses. This allows more complex sort decisions to be performed in a "real-time data analysis" mode.
Our laboratory has been performing high-speed flow cytometry and cell sorting for more than 20 years. Sorted cells do indeed suffer some damage and shock from the sorting process. Live, sorted cells tend to recov er if held for a brief (e.g. 30-60 minutes) in a rich culture medium. We are in the process of exploring the effects of sorting on GEPs of sorted cells. Moderately high-speed flow cytometer/cell sorters are now commercially available. But the effects of explosive decompression or highrates of deceleration into the sort container on GEPs of cells from high-speed flow cytometers that use high pressures and cell velocities has not yet been well-explored.
Importance of RNA stability
It is axiomatic that in science the object we are studying cannot be changing faster than the measuring process. That axiom is particularly important in GEP analysis of cell subpopulations which must be purified by a process that, even if it does not itself perturb the GEP of the cells during the process, takes a finite amount of time. While proteins tend to be stable for longer periods of time, mRNA has been designed by nature to be rapidly degraded. This degradation time can be as short as minutes or as long as several hours. Due to this problem, all GEPs suffer some degradation effects just from the degradation that occurs while the cells are being readied for the RNA extraction step. Hence people either try to deal very rapidly with fresh or frozen tissue or cells, or else attempt to obtain a "snapshot in time" using fixation procedures which hopefully do not greatly affect the GEP. There is great diversity of opinion on this subject, but the final take-home message is clear. But all methods suffer some loss of RNA and subsequent distortion of the GEP.
Ways to slow down the rate of change of the mRNA
Since accurate and sensitive microarray analysis requires delivering homogenous cell populations to the array, purification of the investigated cell type is needed from most clinical samples. If the GEP of these cells changes during the purification protocol, this will compromise the final results. We have attempted several approaches to solve this problem.
We maintained 4 o C throughout our purification protocols, whenever it was possible. We limited the steps in the protocol that do not allow maintaining 4 o C to 5 minutes at a time. In addition we handled our samples in aliquots small enough to be processed within 1 hour. All reagents, tubes and pipette tips used were Rnase-free, all surfaces were treated with RnaseZap (Ambion, Austin, TX), the cells were processed inside a continuous air flow PCR -hood. For RNA extraction we used RNAqueous-4PCR (Ambion, Austin, TX) that contains potent Rnase inhibitors to counteract the RNA-degrading effects of intracellular Rnases during cell lysis. These general precautions seemed to have beneficial effects on the viability and condition of the purified cells. The RNA extracted from these cells was of good yield and quality.
When isolation of live cells is not necessary for further processing, mild fixation of the cells prior to the purification protocol may be the best way to preserve the original GEP. Precipitive fixatives, such as ethanol, methanol, or acetone is known to preserve nucleic acids much better, than cross-linking agents, such as formalin. When fixation and permeabilization of the cells was needed for intracellular labeling, preservation of mRNAs inside the cells proved to be extremely difficult. Although there are several reports about successful mRNA analysis from fixed samples, these usually involve fixed tissues, where the chances are much higher, that some RNA will remain trapped inside the tissue sample even if it diffuses out from the cells. Optimization of fixation and permeabilization protocols for suspended cell samples will be crucial to achieve extraction of good quality RNA from cells after intracellular and possibly intranuclear staining.
Storing the purified cells in RNAlater TM (Ambion, Austin, TX) prior to RNA extraction results in very good quality RNA due to Rnase inhibitors in this solution that not only inhibit extracellular RNases, but by diffusing into the cells they prevent the intracellular degradation of mRNAs and stabilize mRNAs prior to extraction. We attempted to utilize these intracellular effects of RNAlater, by suspending the cells in this solution before the fixation, permeabilization, and labeling protocols. While RNAlater TM is perfectly compatible with most molecular biology protocols that require cell lysis, it proved to be extremely difficult to retrieve undamaged cells from this solution and virtually impossible to resuspend the retrieved cells into single cell solution in PBS or in any buffer. The reason for this effect is, that the cells do not sediment in this solution at regularly used gforces, and after using high enough speeds to pellet the cells, they form a pellet that is very difficult to disrupt into single cells again. Development of a new version of RNAlater that has PBS-like density, viscosity, and osmotic pressure could be very useful for experiments that involve complex cell labeling and purification prior to microarray analysis.
CONCLUSIONS
While it is obvious that some cell separation is needed in many instance s in order for GEP analysis to be meaningful, the effects of such cell separation on the GEP of cells is not yet well-documented. In the absence of any simple solutions or guidelines, the researcher should proceed cautiously and determine whether the yield/purity/GEP profile fidelity tradeoffs of a given cell separation method are appropriate for that given application.
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